Oxygen uptake (VO 2 ) gradually rises during any constant-load exercise test involving sustained lactic acidosis (i.e., above 70-80% VO 2 max ). This phenomenon is called "the slow component of VO 2 " and is typically defined as the continued rise in VO 2 beyond the 3rd min of exercise [1] [2] [3] . Several factors might be involved in the etiology of VO 2 slow component, including lactate, epinephrine, cardiorespiratory work, temperature, or potassium [2] . The majority of the slow component, however, seems to arise from factors within the working muscles, namely, the progressive recruitment of less efficient fast motor units (composed of type II fibers) with exercise duration because of the fatigue of previously recruited slow ones (made of type I fibers) [1] [2] [3] [4] .
Abstract:
The purpose of this study was to analyze the effects of caffeine ingestion on the slow component of oxygen uptake (⌬VO 2 ) during highintensity endurance exercise. Nine subjects (8 male and 1 female; age: 21Ϯ1 years; VO 2 max : 57.9Ϯ1.5 ml kg Ϫ1 min
Ϫ1
) performed two 9-min tests on a treadmill at a running velocity eliciting 90% of their VO 2 max , 60 min after ingesting either a placebo capsule (PLAC) or a capsule containing a caffeine dose of 5 mg (kg body mass) Ϫ1 [CAFF]. The mean values of ⌬VO 2 were significantly lower in CAFF than in PLAC (83Ϯ31 ml min Ϫ1 vs. 167Ϯ26 ml min
, respectively; pϽ 0.05). These findings suggest that the ergogenic effect of caffeine in a high-intensity endurance exercise shown in previous research may be partly mediated by a possible attenuation of the VO 2 All the subjects performed 3 testing sessions on a treadmill (Trackmaster 500, TX, USA). Each test was separated from the other by a 48 h period during which the subjects refrained from hard physical activity. All tests started at the same time of day (from 0900 to 1100) after an overnight fast. During the 7-d study period (including testing days and resting days between tests), the subjects followed a similar type of high-carbohydrate (CHO) diet (ϳ400 g CHO per day) and abstained from caffeine-containing products.
On the first visit to the laboratory, the subjects performed an incremental test until exhaustion (ramp protocol) for VO 2 max detection. The test started at 6 km h Ϫ1 and running velocity was increased by 0.3 km h Ϫ1 each 20 s interval. Treadmill inclination was kept constant at 1.0%. The tests were terminated voluntarily by the subjects or when two of the following criteria were met [14] : plateau in VO 2 despite increasing work rate, heart rate exceeding 95% of agepredicted maximum, and respiratory exchange ratio exceeding 1.15.
On the other 2 d, the subjects performed an exercise test of 9-min duration at a constant work rate, i.e., treadmill inclination of 1.0% and running velocity of each subject identical to that eliciting 90% of his or her VO 2 max during the previous ramp protocol. The tests were preceded by a 10 min warm-up at the same running velocity as that corresponding to 60% of each subject's VO 2 max during the previous ramp protocol. Following a randomized, double blind design, 60 min prior to the start of the constant-load tests the subjects ingested either a capsule containing a cornstarch placebo (PLAC) or a caffeine dose equivalent to 5 mg (kg body mass) Ϫ1 [CAFF]. The following gas exchange data were collected continuously during exercise by use of an automated breath-by-breath system (Vmax 29C; Sensormedics; CA, USA): VO 2 , carbon dioxide production (VCO 2 ), pulmonary ventilation (VE ), tidal volume (VT), breathing frequency (f b ), ventilatory equivalent for oxygen (VE · VO 2
) and carbon dioxide (VE · VCO 2
), and respiratory exchange ratio (RER). Heart rates (HR, in beats min
) were also continuously monitored during the tests from modified 12-lead ECG tracings (EK56; Hellige; Freiburg, Germany).
Capillary blood samples were taken from fingertips (25 l) immediately after the 9-min tests for the determination of blood lactate concentration (BLa, in mM), using an electro-enzymatic analyzer (YSI 1500; Yellow Springs Instruments; Yellow Springs, OH, USA). The slow component of VO 2 during the tests at 90% VO 2 max was defined as the difference (⌬VO 2 , in ml min
) between end-exercise VO 2 (ml min Ϫ1 ) and the VO 2 (ml min
) at the end of the 3rd min. The latter was taken as the average VO 2 from 2 min 40 s to 3 min 20 s, whereas end-exercise values were taken as the average of the last min of the tests (8 min 0 s to 9 min 0 s) [15] . The same method was used to calculate the difference between end-exercise values and 3-min values of the other variables that had been continuously measured during the tests (⌬VCO 2 
, ⌬RER, and ⌬HR). Once the Kolmogorov-Smirnov test was applied to ensure a Gaussian distribution of the results, the Student's t-test for paired data was used to compare the mean values of the physiological variables thad had been measured in both PLAC and CAFF. The level of significance was set at 0.05. The results are expressed as meansϮSEM.
The mean values of VO 2 max and maximal HR during the ramp tests averaged 57.9Ϯ1.5 ml kg Ϫ1 min Ϫ1 and 190Ϯ2 beats min Ϫ1 , respectively. The mean values of physiological variables at minutes 3 and 9 are shown in Table 1 . The average values of ⌬VO 2 were significantly lower (pϽ0.05) in CAFF than in PLAC (Table  2) . Although most of the other variables that had been measured (⌬VCO 2 , ⌬RER, etc.) tended to reach lower levels in CAFF than in PLAC, statistical significance (pϽ0.05) was reached only for ⌬VE .
The main finding of this study was that caffeine ingestion (5 mg [kg body mass]
) prior to high-inten- sity endurance exercise can decrease the magnitude of the VO 2 slow component. This result may be explained, at least partly, by the stimulant effect of this drug on the central nervous system. Caffeine, indeed, can increase the recruitment of motor neurons by lowering their firing threshold and/or by reducing the inhibitory action of adenosine on firing frequency [6, 8] , and it raises the frequency of potentials in the motor end plate through a release of acetylcholine [6] . Furthermore, type I fibers appear to be more sensitive to caffeine effects [16] . [17] and endurance-trained humans [18] has shown the lower efficiency of type II in comparison to type I fibers. Type II fibers have been shown to produce 50-600% more heat and consume more O 2 for generating a given tension [17] . Both the activity of ATP-dependent calcium pump and the rate of actomyosin turnover is much greater in these fibers; moreover, the lower P/O ratio of their mitochondria could also account for their worst efficiency [17] . However, a recent report by Scheuermann et al. [19] , using surface EMG, suggests that the VO 2 slow component occurring during heavy exercise is linked to a progressive increase in ATP requirements of the already recruited motor units rather than to a change in recruitment pattern. In this event (i.e., ⌬VO 2 not determined by the recruitment of inefficient type II fibers), the effects of caffeine would be based on its direct stimulant effect on the central nervous system and/or its action on excitation/contraction coupling (discussed above) in previously recruited fibers. Caffeine seemed to decrease the rate of ventilation rise during exercise (Table 2) . Because a certain degree of respiratory muscle fatigue is expected to occur during high intensity exercise protocols such as the one selected for this investigation [20] , one could also anticipate a certain caffeine-associated attenuation of ventilatory muscle fatigue. If occurring, the influence of this effect on ⌬VO 2 would be negligible, given that cardiorespiratory work is not the main source of the slow component phenomenon [1] . Nevertheless, the work of breathing in fit individuals during heavy exercise (as in our study) compromises leg blood flow to working limb muscles possibly because of sympathetically mediated vasoconstriction originating in the respiratory musculature [21] . Thus in the event of a caffeine-induced decrease in the rate of ventilatory muscle fatigue, the reduction in blood flow to working limbs may be attenuated. This would lead to a delay in the recruitment of inefficient type II fibers, which predominantly undertake anaerobic metabolism.
No significant decrease was found in lactate levels after caffeine ingestion. Apparently this finding would not support the suggested decrease/delay in the recruitment of fast motor units made up of glycolytic fibers induced by this substance. In this regard, it must be kept in mind that the appearance or accumulation of lactate in blood does not necessarily imply the occurrence of type II fiber recruitment [22] . The recruitment of type II fibers could be linked to the enhanced activity of other "anaerobic" energy pathways, namely, the purine nucleotide cycle [22] .
On the other hand, the interpretation of our results is limited because we did not study the on-transient kinetics of gas-exchange parameters and their possible influence in the slow component phenomenon or in the changes of VE (⌬VE) after the 3rd min of exercise. For instance, Bell et al. [23] recently reported slowed VE kinetics during the on-transient of moderate (50% VO 2 max ) and heavy constant-load exercise (80% VO 2 max ) after caffeine ingestion (6 mg [kg body 
mass] Ϫ1
). During moderate exercise, the slower VE kinetics were attributed by the authors to a caffeine-induced hyperventilation and a subsequent decrease of CO 2 stores at the beginning of exercise (VCO 2 kinetics were also slowed with caffeine). During heavy exercise, however, the reasons for the attenuated VE response were not apparent. In our study, we found no difference between CAFF and PLAC in the mean values of VE and VCO 2 at the 3rd min, whereas VE was higher in PLAC at the end of the tests (Table 1) . Thus our data suggest that the attenuation in VE kinetics induced by caffeine took place later in exercise, i.e., after the 3rd min.
In conclusion, caffeine ingestion prior to high-intensity endurance exercise can decrease the magnitude of the VO 2 slow component. Although future studies are needed, this effect could partly contribute to the overall ergogenic role of caffeine during intense endurance exercise.
